Helminth dsRNA is a natural ligand for TLR-3
INTRODUCTION
DCs are antigen presenting cells that establish an intimate link between innate and adaptive immune responses (1, 2) . During a microbial invasion, DCs play a central role in detecting foreign entities in their environment through a wide array of innate pattern recognition receptors (PRRs) and in modulating the succeeding immune/inflammatory responses by polarizing type 1 or type 2 responses or conversely by inducing tolerance to foreign and/or environmental antigen (3) .
Pathogenic organisms express evolutionarily-conserved unique motifs that are recognized by distinct PRR families including Toll-like receptors (TLRs) (4) . Activation of almost all TLRs results in signaling cascades that utilizes a Toll/IL-1 receptor (TIR) domaincontaining adapter molecule myeloid differentiation factor 88 (MyD88)-dependent pathway, that converges on the activation of the transcription factor NF-κB and mitogen-activated protein kinases (5) . However, activation of TLR3 engages a MyD88-independent pathway resulting in the expression of a subset of primary response genes. These include type I interferon (IFN)-β, induced by IFN response factor (IRF)-3 (6-9) downstream of TIRdomain-containing adaptor inducing IFN-β (termed as TRIF) and also NF-κB activation (10) (11) (12) (13) . TLR4 uses a similar type of pathway along with MyD88 (11, 12) . Upon TLR-4/TLR-3 triggering, secreted IFN-β instigates an autocrine/paracrine loop and leads to the phosphorylation of signaling transducer activator of transcription (STAT)1 at the Tyr701 residue (14) and the expression of a set of IFN-stimulated genes (ISGs) including members of the glucocorticoid-attenuated response gene (GARG) family, and co-stimulatory molecules (such as CD40 and CD86) (15, 7) .
Relative to viruses, bacteria and intracellular parasites, only a limited amount of work has been done on the role of TLRs in DC activation in response to extracellular pathogens, including helminths. Using high-density oligonucleotide microarrays, we have recently demonstrated that the egg stage of the metazoan parasite Schistosoma mansoni activates the transcription of many genes in myeloid DCs including those encoding cell surface markers (CD40 and CD86), inflammatory (TNF-α) and immunoregulatory (IL-12p40) cytokines as well as ISGs (16) . This signature is highly evocative of a TLR dependency. Although, the effects of Schistosoma live eggs on TLR activation have not been studied so far, recent studies reported the involvement of distinct TLRs in DC activation in response to certain egg components. Indeed, two egg-derived components, the glycolipid lyso-phosphatidylserine and the carbohydrate determinant lacto-N-fucopentaose III, have been shown to activate TLR2 and TLR4 respectively in myeloid DCs (17, 18).
In the present work, we aimed to investigate the involvement of TLRs in DC activation in response to live eggs. We showed that schistosome eggs activate a MyD88-dependent and a MyD88-independent pathway in DCs. Screening of distinct TLR members by transfection assays confirmed TLR2 (but not TLR4) activation but also demonstrated that TLR3, a TLR member known to recognize double-stranded (ds)RNA, is activated in response to eggs. In support of this hypothesis, we show evidence that egg-derived, RNase A resistant and RNase III sensitive, RNA structures activate TLR3-expressing cells. Finally, we found that egg dsRNA elicited STAT1 phosphorylation and ISG production in DCs via TLR3 engagement. MiceFemale C57BL/6 mice were purchased from Iffa-Credo (l'Arbesle, France). The generation of MyD88, TLR2, TLR3, and TLR4 deficient C57BL/6 mice has been described earlier (19) (20) (21) . Mice strains were bred in an animal facility (CDTA, Orléans, France) in pathogen free conditions. All experiments were performed according to institutional guidelines of the animal ethics committee of the Pasteur Institute, Lille.
EXPERIMENTAL PROCEDURES

Reagents and plasmidsLPS (from
BM-DC generationDCs were generated from the BMs of WT or knock-out C57BL/6 mice as described previously (22) . Cells were cultured in RPMI 1640 medium supplemented with 10% FCS and 1% of supernatant from a GM-CSF-expressing cell line (J558-GM-CSF). DCs were used on day 14 of culture (95% pure, as assessed by FACS analysis). As a control, total RNA was also treated with RNaseA in low salt condition (RNase-free Transfection assaysHEK 293T parental cell line or cells stably expressing either TLR2, TLR3 or TLR4/MD2 were previously described (11, 24) . Cells were seeded in 48-well plates EMSANuclear extracts from BM-DCs (1 x 10 6 /ml cells) were prepared as described earlier (25) . The ds binding oligonucleotides for consensus NF-κB were from Promega. The EMSA for NF-κB was carried out as reported previously (26) .
Statistical analysisThe statistical significance of differences between experimental groups was calculated using the Student's t test. p < 0.05 was considered as significant.
Online supplemental materialFigure S1 shows egg-derived RNA fractions do not activate TLR2 or TLR4 stably expressing HEK 293T cells.
RESULTS
MyD88 is in part involved in DC activation in response to S. mansoni eggs.
The kinetic global gene expression analysis of mouse DCs suggested that S. mansoni live eggs activate DCs through TLR engagement (16) . We first aimed to analyze the contribution of MyD88, a critical adaptor molecule used by all TLRs (with the exception of TLR3) (27, 28) , in the egg-induced DC activation. In addition, we investigated the role of TLR2 and TLR4, two TLR members recently described to be involved in the response to distinct S.
mansoni egg components (17, 18).
For this purpose, BM-DCs generated from wild-type (WT), TLR2, TLR4 or MyD88 deficient ( -/-) mice were exposed to live eggs and the production of IL-12p40 and TNF-α, two classical cytokines described to be produced in response to TLR engagement, was quantified.
As depicted in and TNF-α production in MyD88 -/-DCs. In response to eggs, compared to WT DCs, the production of IL-12p40 and TNF-α by TLR2 -/-DCs was not significantly modified whereas MyD88 deficiency resulted in approximately 75% decreased IL-12p40 and TNF-α production. In contrast, TLR4 deficiency did not influence the egg-induced production of these cytokines.
We next analyzed the activation of NF-κB (29) since it represents a common signaling pathway shared by all TLR members (27) . As depicted in in DCs did not modify NF-κB DNA-binding mediated by schistosome eggs (Fig. 1B) . In MyD88 -/-DCs, LPS activated NF-κB, albeit with delayed kinetics, whereas Pam 3 CSK 4 -mediated NF-κB activation was abolished. After schistosome egg stimulation, NF-κB activation was strongly down-regulated at 1 h but a substantial activation was still observed at 2 h in MyD88 -/-DCs. As a whole, these data revealed that MyD88 is in part involved in the egg-induced NF-κB activation and IL-12p40 and TNF-α production by DCs.
S. mansoni eggs activate a MyD88-independent pathway in DCs.
We have previously reported that DC activation by schistosome egg exposure is characterized by a rapid production of bioactive IFN-β (16), a key mediator necessary for DC maturation in response to certain TLRs including TLR3 and TLR4 (by a MyD88-independent pathway) and TLR7-9 (by a MyD88-dependent pathway) (27) . We have also demonstrated that IFN-β production in response to eggs efficiently triggered the type I IFN receptor expressed on DC , but not in MyD88 -/-DCs. Upon egg stimulation, DCs from either mouse strain were able to induce IFI204 and GARG39 mRNAs synthesis at a level similar to that observed in WT DCs (Fig. 2B ). Taken as a whole, these data clearly demonstrate that eggs activate a MyD88-independent pathway in DCs that culminates in ISG production, independently of TLR4 engagement.
S. mansoni eggs activate TLR3.
In order to characterize the potential receptor(s) involved in schistosome egg recognition, Double-stranded RNA from S. mansoni eggs is a natural ligand for TLR3.
TLR3 was originally described as a PRR recognizing viral dsRNA (21) and certain singlestranded (ss) mRNA structures (32, 33 ). Therefore, we tested the hypothesis that egg-derived RNA could activate TLR3. To do so, total DNase-treated RNA was prepared from eggs and tested for its capacity to activate NF-κB in HEK 293T cells stably expressing TLR3. Total RNA was delivered in the presence or absence of the cationic liposome DOTAP, which facilitates the uptake of RNA (23) . As shown in Fig. 4A , egg RNA complexed to DOTAP dose-dependently activated NF-κB transcriptional activity with a maximal capacity at 10 µg/ml. In addition, egg RNA alone also induced TLR3-specific NF-κB reporter activity, albeit with a lesser efficiency (Fig. 4A) . It should be noted that the lack of responsiveness of cells expressing either TLR2 or TLR4 confirmed that the RNA fractions were free of endotoxin and other carryover contaminations resulting during RNA isolation (supplemental Fig. S1 ).
We next attempted to determine the nature of the RNA species responsible for TLR3 stimulatory ability by analyzing the effects of different types of Rnases on total egg-derived RNA. To this end, total egg RNA was subjected to treatments either by E. coli RNase III, a dsRNA specific enzyme homologous to Dicer that effectively cleaves and processes ds- 
DISCUSSION
TLR activation by pathogens is one of the main pathways through which DCs become activated during infections (39) . In vivo studies clearly show that myeloid DCs become activated after encountering Schistosoma (40, 41) , including egg components (42) . While this phenomenon is presumably due to innate recognition of certain schistosomal products, the molecular mechanisms leading to DC activation as well as the consequences they have in the inflammatory/immune responses are still unclear. Although until now, the effects of live eggs on TLR activation have not been investigated, two independent studies have shown the implication of TLR2 and TLR4 in the recognition of certain egg components (17, 18)
Recently, using a genome-wide expression study, we found that live eggs induce a transcriptional program in myeloid DCs that culminates in the production of many IFNinduced inflammatory gene products (16) . In the present study, we have taken a genetic and molecular approach to identify the TLR members involved in this phenomenon. Remarkably, our data show for the first time that TLR3 can be activated by an extracellular pathogen and that ds-containing RNA structures from the helminth parasite Schistosoma may act as an inducer of the innate immune system.
First, we showed that MyD88, an important molecule involved in TLR signaling, is implicated, but not essential in DC activation by live eggs. Indeed, the kinetics of NF-κB activation was delayed but not abrogated in MyD88 -/-DCs in comparison to that observed in WT counterparts. Moreover, although MyD88 deficiency did not affect the egg-induced phenotypic maturation of DCs, as assessed by CD86 or CD40 surface expression (data not shown), it reduced the production of IL-12p40 and TNF-α. This suggested that, along with MyD88, eggs might also recruit a MyD88-independent pathway in DCs. Since the MyD88-independent pathway triggered by some TLRs (TLR3 and TLR4) is important in ISG synthesis, we decided to investigate the consequences of MyD88 deficiency on the egginduced IFN/STAT1-dependent pathway. Compared to WT DCs, egg-mediated STAT1 phosphorylation and ISG synthesis were unaffected in MyD88 -/-and TLR4 -/-DCs. Among
TLRs able to induce ISG expression are TLR3, TLR4 and TLR7-9. Since, as stated above, TLR4 deficiency does not influence the egg-induced ISG synthesis and since TLR7-9 fully depend on MyD88 (27), we postulated that TLR3, a TLR known to be associated with viral dsRNA recognition, may be a good candidate. Transfection assays carried out on cells expressing distinct TLR members confirmed this hypothesis (Fig. 3) . On the other hand, eggs do not activate TLR4 in HEK 293T transfected cells nor in DCs, a finding that is not in agreement with recent data reported by Thomas et al. (18) . These observed differences could be attributable to a lack of accessibility of the lacto-N-fucopentaose III determinant to DCs, when they are exposed to live eggs. Another possibility is that live eggs express components capable of interfering with TLR4 signaling, as recently suggested (43, 44) . In accordance with van der Kleij et al. (17), we however confirmed that eggs activate TLR2 (at least in transfected cells, Fig. 3 ), although this pathway does not appear to account for the eggmediated IL-12p40 and TNF-α production by murine DCs.
Therefore, TLR2 and TLR3, but not the other TLR members tested, appear to be selectively activated by live eggs. To the best of our knowledge, this is the first time that TLR3 has been described to be activated by a non-viral pathogen. Since ligands for TLR3
include ssRNA (32, 33) and dsRNA (21, 27 ) structures, we attempted to validate our finding Understanding how these dsRNA structures become available to DCs (in vitro and in vivo)
however requires further study.
In conclusion, we propose that eggs from the extracellular parasite S. mansoni may activate innate immunity through TLR2 and TLR3. During DC contact with eggs, TLR2 and TLR3 may act in concert and impact innate and adaptive immune responses in a cumulative manner. Therefore, future work is required to clarify the respective role of TLR2 and TLR3
on the ensuing immune response during schistosomiasis. Finally, the existence of dsRNA structures in helminths exhibiting strong immunostimulatory potential to promote DC maturation through TLR3 further implicates the adjuvanticity of dsRNA from eukaryotic pathogens in general. 
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